In this issue of the JGP, Vedovato and Gadsby show us that the native Na/K pumps of Xenopus laevis oocytes are even more complex machines than we realized. Readers of the JGP will be aware that Na/K pumps extrude three Na ions and import two K ions into cells with each pump cycle at the expense of one ATP being hydrolyzed to ADP. It now turns out that Na/K pumps develop a selective passageway for protons to cross the membrane during this normal cycle, even in the presence of physiological ion concentrations on both sides of the membrane. The proton-conducting pathway develops transiently when the pump enters into the specific state that releases the first of the three Na ions into the extracellular space and thereby generates electrical current. This Na-binding site, which is special because it cannot be occupied by a K ion, is called the "Na-selective binding site III." When site III is not occupied by Na, protons can enter the pump's binding sites from the extracellular space and traverse site III to the cytoplasm. When the extracellular pH is lowered and membrane potential is negative, the proton flux through site III can be about as large as the Na and K fluxes generated by pump activity in oocytes. Therewith, the Na/K pump joins a list of hybrid membrane proteins that, on the one hand, engage in coupled transport via an alternating access mechanism, and, on the other hand, develop channel-like ion conductances in a state-dependent manner. This unexpected development raises new questions about the cellular function of Na/K pumps, especially in settings in which the extracellular or cytoplasmic space, or both, become acidified.
Background
The idea that ion pumps are modified ion channels was obvious to Peter Mitchell (1972) . Mitchell drew the F-ATPase as if the F o subunits constitute a long aqueous channel leading up to the F 1 sites of ATP synthesis (or hydrolysis; see Fig. 1 A) . Equivalence of membrane potential and proton concentration in driving F-ATPase function could then be neatly explained if membrane potential would fall off along this narrow "access channel." Mitchell's thinking was extended and refined by Peter Correspondence to Donald W. Hilgemann: d o n a l d . h i l g e m a n n @ u t s o u t h w e s t e r n . e d u Läuger (1979) : Access channels will exist on both sides of an ion pump. On the cis side, the access channel ends at a binding site, represented by an energy minimum at the base of a large energy barrier. When ions passively occupy the binding site, investment of energy (light, in the case of bacteriorhodopsin) then shifts the energy profiles so that the ions are forced to exit the pump through the access channel on the trans side (see Fig. 1 B) . These ideas were subsequently put to use in the study of many transporters (Apell, 2004 ), but they found particular resonance with investigators of mammalian Na transporters.
In a seminal study that sets the background for the present study, Gadsby et al. (1993) determined that Na/K pumps function as if extracellular Na concentration and membrane potential were functionally equivalent, as suggested by Mitchell for protons in proton pumps. Specifically, changes of membrane potential act as if they selectively change the Na concentration that the pump experiences on the extracellular side. Accordingly, the stimulation of Na pump activity that occurs with depolarization from resting potential is caused mostly by Na being driven out of binding sites when they are open to the extracellular side (see Fig. 1 C) . Nevertheless, Na binding from the cytoplasmic side has also been shown by optical methods to be voltage dependent. Notably, the voltage dependence occurs at a site that is not accessible to K (Domaszewicz and Apell, 1999) , namely "site III," through which protons evidently permeate when it is open to the outside. This electrogenic nature of Na binding and dissociation reactions is not unique to Na/K pumps. Extracellular Na binding has been found to be the major electrogenic transport step in many other Na-coupled transporters, including Na/glucose transporters (Hazama et al., 1997) , GABA transporters (Mager et al., 1993) , Na/phosphate transporters (Virkki et al., 2005) , and to a lesser extent in Na/Ca exchangers (Hilgemann, 1996) .
The fact that ion binding by Na/K pumps, as well as by other P-type ATPases, induces large fluorescence chang es of electrochromic dyes in the adjacent membrane to occur in a sequential fashion (Holmgren et al., 2000; Gadsby et al., 2012) . The sequential nature of these reactions provides one possible argument that these reactions take place in a structure similar to that of an ion channel. A more persuasive argument stems from the fact that toxins, known as palytoxins (from sea anemones), perturb the ion-translocating pump domains so as to generate a bona fide ion channel with a nonselective cation conductance approximately five times smaller than that of an acetylcholine-gated nicotinic receptor (Reyes and Gadsby, 2006) .
That the pump is physiologically poised to undergo a more minute structural breach, specifically in the region of the third Na site, is now supported by the new experiments of Vedovato and Gadsby (2014) . To make this case, the authors used incisive mutational analysis and clever manipulation of the pump to prevent it from completing a cycle, as well as by forcing it to carry out partial reactions that involve the proton-conducting bilayer (Apell, 2004) provides an independent proof that ion binding is electrogenic. However, it can still be debated for each transporter whether the physical movement of Na ions or conformational changes of binding sites (that change field profile across binding sites) are the ultimate cause of charge movements. In any case, independent electrical methods with microsecond resolution revealed that Na release from Na/K pumps is in fact a very complex reaction with multiple kinetic components (Hilgemann, 1994; Wuddel and Apell, 1995) .
More recently, Gadsby and colleagues were able to dissect the Na release mechanism into at least three partial reactions (Holmgren et al., 2000; Gadsby et al., 2012) . This feat was accomplished using a microsecond voltage-clamp method in squid giant axons. In addition to the major reaction, associated with the initial release of one Na ion to the extracellular space, at least two additional partial reactions occur with release of the other two Na ions. Furthermore, the three reactions appear Figure 1 . A progression of thoughts about ion transport and ion release from ion pumps. Panels A-C were reproduced from the original figures with permission from The Journal of Bioenergetics and Biomembranes, Quarterly Reviews of Biophysics, and Science, respectively. (A) Peter Mitchell's diagram of an F-type ATPase suggesting that protons diffuse through a long "access channel" along which membrane potential falls off, name ly between ATP synthesis/ hydrolysis sites and the bulk medium (Mitchell, 1972) . For a recent discussion and proposal of an alternative view, see Mulkidjanian (2006) . (B) Peter Läuger's energy diagram of proton translocation by a pump (Läuger, 1979) . Microsecond chargepulse relaxation studies subsequently were used to resolve multiple electrogenic reactions of bacteriorhodopsin that presumably reflect proton association with and dissociation from the carrier (Läuger et al., 1981) . For a recent discussion of these principles, see Apell (2004) . (C) Reaction scheme suggested by Gadsby et al. (1993) to explain why the extracellular Na concentration and membrane voltage act equivalently on ion flux during pump-mediated Na/Na exchange in squid giant axons. Voltage dependence of the pump was visualized as arising from an access channel on the extracellular side, similar to Peter Mitchell's original diagram for a proton pump. Nevertheless, analysis of the Na release reactions at higher temporal resolution indicated that more complex interpretations would be required (Hilgemann, 1994; Wuddel and Apell, 1995) . (D) A working model of Na release from the Na/K pump based on the study by Vedovato and Gadsby (2014) and recent structural advances (Kanai et al., 2013) . From left to right: three Na ions bind with high affinity from the cytoplasmic side, with the binding sites oriented parallel to the membrane surface. Energy of phosphorylation by ATP promotes closure of the cytoplasmic "gate" of the pump and opening of the "gate" to the extracellular side. Release of the first Na ion to the outside involves a complex series of reactions, whereby one Na ion is released from site II and Na ions shift laterally from sites III and I, leaving site III vacant. These events generate the major charge movement of the pump cycle, perhaps involving both the movement of Na ions through electrical field and conformational changes of site III that open a proton pathway to the cytoplasmic side. After site III is vacated, proton passage is enabled from the extracellular space to site III and the cytoplasmic medium, presumably at instants when sites I and II are not occupied by Na. Finally, two K ions replace the two Na ions bound in sites I and II, thereby triggering dephosphorylation and closure of the proton pathway from the extracellular space. dendritic spines of Purkinje neurons). As for other excitatory neurotransmitter transporters, evidence continues to grow that currents generated by dopamine transporters underlie some of the important effects of both illicit and therapeutic drugs. Amphetamines induce dopamine transporters to generate long-lasting cation currents (Rodriguez-Menchaca et al., 2012 ) that are probably not strictly coupled to dopamine transport (Rodriguez-Menchaca et al., 2012) . Nonselective cation current generated by catecholamine transporters may also be relevant to the ability of psychiatric drugs to act from inside of neurons by modulating the function of the secretory pathway (Lester et al., 2012) . Clearly, all these recent data challenge the field to address more seriously the physiological roles of transporter conductances, now including a proton conductance of the Na/K pump. Along the way, it should become apparent how (and whether) the conducting mechanisms of transporters have been tuned by evolution to play specific roles, and to eventually be modulated by posttranslational signaling processes.
The details
Na/K pumps are the workhorses that drive ion homeostasis in animal cells, hydrolyzing the majority of all ATP produced in the brain (Hevner et al., 1992) and the kidney (Soltoff, 1986) . The staggering complexity of their molecular function became apparent in the late 1960s and early 1970s as biochemists exploited isotopes, both nucleotides and ions, to study the pump's enzymatic activity. Two pioneers of the day were R. Wayne Albers (1967) and Robert L. Post (Post et al., 1972) . Although their work was not rewarded with a Nobel Prize, the "Post-Albers" scheme is core curriculum for any student of physiology and applies just as well to other P-type ATPases (see Fig. 1 of Vedovato and Gadsby, 2014) : High affinity binding of three Na ions on the cytoplasmic side of the pump triggers autophosphorylation of the pump at an aspartate residue, coupled to a conformational change that occludes the Na ions into the pump, followed by their release to the outside; next, extracellular K ions bind with high affinity, and they become occluded in the pump as the pump dephosphorylates itself. Finally, the K ions are released into the cytoplasm, ATP binds, and the cycle repeats itself. This highly orchestrated pump cycle must occur in strict dependence on the occupation of binding sites and on the phosphorylation states of the pump with no ion slippage; otherwise, the work of the pump would be undermined. That the Na/K pump can nevertheless form a proton channel in the absence of Na and K was documented almost 20 years ago (Wang and Horisberger, 1995) . Furthermore, the proton permeation pathway was clearly associated with the third Na site, linked to the major charge-moving step of the pump cycle (Li et al., 2006 ). Now we must ask how the pump forms this proton pathway during its state. The proton-conducting pathway evidently forms between Na site III and the cytoplasm in circumstances that match those in which the major charge movement of the pump occurs during normal pump operation.
It's a very nice catch! But at the end of the day the authors effectively tell us not to be surprised by their surprising findings. Strong precedents for a hybrid function of membrane proteins as both transporters and channels already exist. Glutamate transporters of the EAAT type are also conformation-dependent Cl channels (Koch et al., 2007) , and other neurotransmitter transporters generate state-dependent cation currents (Galli et al., 1996) . In the larger picture, we are reminded that ABC transporters associated with cystic fibrosis turned out to be Cl channels (Quinton, 1990) and that, conversely, members of the CLC class of Cl channels were revealed to be Cl  proton exchangers (Accardi and Miller, 2004; Picollo and Pusch, 2005; Scheel et al., 2005) .
Why are we still surprised?
If it's possible, it will happen in biology. Darwin knew that well, and transport biophysicists have taken some time to catch up. Gadsby, who has straddled the worlds of transporters (i.e., Na/K pumps) and channels (i.e., CFTR channels) for decades, expects the list of hybrid membrane proteins to expand further as more high resolution measurements of transporter structure and function are achieved. He argues that "the required switching of cargo site access from one membrane side to the other often involves major changes in protein conformation such as rotation, twisting, rocking, and translation of transmembrane helices, or wholesale motion of protein domains. Unsurprisingly, these motions cause crevices to form between helices, helix bundles, or domains, not unlike the gaps between subway trains and curved station platforms. Propagation of those crevices, from one conformation to another, can allow penetration of solute ions like Cl, or of water, into, and even right through, the protein" (Gadsby, D.C., personal communication).
At least for the trimeric EAAT Na-coupled glutamate transporter, conformational changes of each of its individual transporter subunits can generate a transient Cl conductance (Leary et al., 2007) ; thus, three pores can form as the three subunits independently swing large distances with respect to the trimerization domain (Stolzenberg et al., 2012) . The question for physiology is whether the protein flexibility needed for robust glutamate transport is the major determinant of Cl conductance or whether Cl conductance might be tuned by evolution to serve electrical signaling functions. What is established at this time is that transport rates of different EAATs can be very different, whereas the Cl conductances of different EAATs appear to be very similar (Torres-Salazar and Fahlke, 2007) . This suggests, but certainly does not prove, that EAAT isoforms with low transport rates might primarily regulate excitability (e.g., in literature. Ischemia and strenuous exercise are two obvious settings of interest. Suffice it here to say that acid flux across surface membranes is well ploughed turf. Therefore, an educated but very equivocal guess would be that Na/K pumps do not normally contribute substantial proton flux across surface membranes of most cells. Should that guess prove correct, the question will shift to whether the Na/K pump proton permeation pathway is subject to regulation and whether it is dependent on pump isoforms and possibly isoform combinations. In pursuing this second question, one must bear in mind that protons may act as congeners for both Na and K in Na/K pumps (Apell et al., 2011);  certainly, that appears to be the case for Na/K pumps of red blood cells (Polvani and Blostein, 1988) . In summary, careful and thoughtful experimentation has once again demonstrated new biological and physical possibilities that will take time and serious new work to be seen in their proper perspective.
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Sharona E. Gordon served as editor. normal transport cycle and still maintains adequately coupled Na and K transport function. The cartoon in Fig. 1 D presents in rough form the interpretations of Vedovato and Gadsby (2014) in relation to recent advances in Na/K pump structure (Kanai et al., 2013; Nyblom et al., 2013) . As in SERCA Ca pumps (Toyoshima and Inesi, 2004) , which transport two Ca ions, the ion-binding sites of the Na/K pump are evidently oriented side by side (Kanai et al., 2013; Nyblom et al., 2013) , as opposed to the perpendicular single file seen in K channels (Doyle et al., 1998) . In the so-called E1 state of the pump, three Na ions bind with high affinity from the cytoplasmic side, and phosphorylation then results in a reaction sequence that closes access to the cytoplasm and opens access to the outside, thereby generating the E2 state. The initial release of one Na ion to the outside is in fact a complex series of coupled events. The immediate source of the Na ion released is suggested to be site II. There is, however, a coupled transfer of Na ions between sites: one Na ion shifts from site I to site II, and one shifts from site III to site I. As site III is vacated, the movement of Na and/or structural changes of site III generate the major pump charge movement. Coupled to these events, a (small) passageway through which protons can permeate opens from site III to the cytoplasm. With Na dissociation constants at sites I and II in the range of 20 mM (Lu et al., 1995) , all Na sites may be empty a few percent of the time. That may be just time enough for protons to significantly breach the pump's security barriers, or alternatively, protons may be able to occasionally sneak past sites I and II even when they are occupied by Na. Eventually, two K ions compete Na ions out of sites I and II, and the pump dephosphorylates itself in concert with the occlusion of K ions into the pump. Therewith, the proton permeation pathway becomes blocked and finally closed at both ends.
R E F E R E N C E S
What is perhaps most impressive about this proposal is the extent to which the analysis of proton permeation through the pump has forced the authors to consolidate their thinking about ion translocation and charge movements in relation to pump structure. Clearly, the new proposal will catalyze a wide range of new structure-function studies to address these extraordinarily complex but fundamental reactions. Among the many remaining questions, it will be fascinating to learn how the proton pathway defined here for Na/K pumps relates to proton transport pathways that occur in other P-type pumps that actively pump protons.
Potential implications
The outstanding cellular question raised by this study is whether proton permeation through Na/K pumps is physiologically or pathologically important. It will clearly take time to provide a definitive answer, and the authors point the reader to the most relevant situations and
